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EXECUTIVE SUMMARY

Task 13C of the FedarAviation Administration (RA) Inflight Aircraft Icing Plan, April 1997,
addressednixed-phase conditiondiquid waterdroplets andde paticles coeissting in a region
of a cloud). This report revews publicy available evidene bearing upon possible sakty
hazrds due to fligpt in mixed-phase conditions.

It is now well documented that med-phase conditions in the atmosghare common. In fact,
recent invesgations with modern instrumentation gggst that theseconditions are mar
frequentand widespead han tad beenreaized. However, informaton chaactrizing these
conditions whit is suitdle for addressingquestions of aviation sdety is veay limited. Thisis
partly relatedto difficulties of measuement. Until the late 1970s, measmment vas mainy
doneby use of very laborintensivemethods usig droplet impat devices. Since tten, there bs
beenincreasng use ofelectro-optical two-dimensional proles; these offer subsantial advantages
but are still of limited resolution and aceny and provide output whichequires substantial
processirg in order to sparate and extract quantitative ice partide and liquid droplé daa. New
instrumentation introduced in r@d years is vey promising butevaluation is noyet complete.

Facility simulation of mixed-phase conditions is difficult, anaell-controlledsimulationshave
been done in vgrfew facilities in the world.It is not known how wll the various methods that
have been usal adudly simulae the naturd environment, nor with wha degee of fiddlity it
needs to be simulated foretinvestigation of some sy questions.

The limited daa available from research fli ghts do not indi@te tha there is any difference in
performame efiects causedybstructual icing resultingfrom flight in mixed-phase clouds rather
than in puref liquid supecooled clouds. Furtheamore, one light stud/ suggeststhat the
presene of ice particles ima cloud containig liquid watercan educe structual icing ratesthat
would be observed wittthe liquid water ont, perh@s beeause oferosion of ie acretion ly the
ice particles. Thereare data fom two wind tunnel studies which alkend somesupportto this
hypothesis. However, boththe flight andtunrel data & for a restricted ange ofconditions and
do not appear siicient for generalization.

Major technial reportsgoing back to the 1960s state thatp®sure to mird-phase oglaciated
conditions (ice particles oplin aregion of acloud) @an causeanomaliesn the performane of

engnes possessig particular engine degjn or engine nlet desgn feaures seh as egine inlet

pronounced énds or flow eversal points. In recent years therehave beenreportsindicating that

a particularaircraft emine utilizingan unusual dual-stage, higolidity first stage low-pressue

compressor steor design has experienced power loss instalities in mikxed-phase or glaciated

conditions encounteredn the anvils of thunderstorms.To addess this most recent dgsi
concern, daft Advisory Circular 20.XX, titled, “Turbojet, Turbopop, and Turbfan Emine

Induction System Icing,” states “lce acaetion on nternal engine vares due ¢ the pesene of

mixed-phasece acretions my effect flow capacity andremath of the egine cycle and should
be considexd in the critical point ahysis.”[1]

Technicalreports published in the 1950s and 1960s gstatethe capacity of thermal systems

may sometimes be&xceeded in migd-phase conditions, butore recent information on this
iIssuein theopen literatureis ladking.

v/Ivi



INTRODUCTION
PURPCGSE.
The purpose of thiseport is to review publigl available evignce learirg upon possiblesdety
hazrds due to fligpt in mixed-phase conditiondMix ed-phase conditions est when liquidwater

droplets and iceapticles caxist in a regon ofa cloud.

BACKGROUND.

Federd Aviation Administrdion (FAA) arcraft icing regulations address icing caused by
supercooledlropletsin the atmospherwhich freez upon orafter impat with airaaft sufaces
resultingin ice accretions that nyabe hazardous to fligpt. Appendix C to Code of Feder
Regulations(CFR), Title 14, Parts 25 and 29 contains eopes speciing liquid water content,
droplet size, and temperaturevalues fo clouds containig supe&cooled doplets. These
envelopes i@ used in theertification of aicraft for fli ght in icingconditions.p]

FAA regulations do not contain grexplicit referenae to mixed-phasécing conditions. The only
requirements tha explicitly mentions i@ partides refe to snow. Spedficaly, 14 CFR Pats
23.1093, 25.1093, 27.1093, and 29.1093 reqinat turbine egines “mustoperae throughout
the flight powe rarge of theengine (includirg idling), without the acumulation of ice ... that
would adversdy affect engine operation or causea seious loss of powr or thrust in fling and
blowing snow within the limitations established for the airgléor sich opeation.”[2] Falling
andblowing snowis not a mixed-phasecondition unless liquid water is presemthjch would
not be epected with blowingnow).

FAA draft Advisoly Circula 20.xx [1], states that “Theffectof ingesting snowduring ground
operations caand should be eluated.”

14 CRR 33.68(b) requas ground opeation “in an @amosphere that iat a tempeaturebetween
15 and 30 dgrees Falenheit ... and haa liquid water cor@nt not less than .... itme form of
drops having a mean effective diamedr....” Most ergine manufa&turers demonstrate this
certification requirement in an endosel test facility while spraying liquid waer from nozzle
into the inlet of the engine. The phase of the water/ice is se by the water tempeaature and
pressurewithin the spray rig. It has been swggested that it is possibletha this test may
sometimes actualldemonstrate a mixd-phaseondition, just under thizeezingpoint of water,
if some of the liquid droplets produced the nozles freee prior to strikingthe testinlet engine
surfae.

In April 1997 the Fededl Aviation Administration (RA) issued aninflight Aircraft Icing
Plan.B] Task13C of the Plan raises the question of possibletgdiazrds due to fight in
mixed-phase conditionsThis stug was underaken in resporesto that task.

Very little fully documented informéion gopeared in theopen literature relevant to this question
prior to the late 1970s. Information that did appeaconerned nainly the frequeng of
occurena of mixed-phase conditions and the nmaxm total water content @plus liquid) that



might be encountered in sth conditions, but not grexperimental or angtical investgations of
the haards that such conditions niigrepresent.

Thereare thee eferences fom the 1960s that careltakenas repesentativeof experticing
opinion at that time. However, it is important to note that none of them provide substantive
documentatiorfor the opinions that the express; rathe they are bagd on the vey extensive
icing experience, mud of it in flight, of theauthars and ther colleagues.

. FAA Technia Report ADS-4 Enginering Summary of Airframécing Technical
Data [4], which was published in 1964 and drawseesivel on the Ntional Advisory
Committee for AeronautiddNACA) icing research bthe 1940s and 1950s.

. A presentaion given by William Lewis & an Aircraft Ice Protection Symposium
sponsored Y the FAA in 19695%] Lewis was oe of the lading NACA icirg
reseachas, authorirg or coauthorirg of mary of the NACAreports on atmosphie icing
conditions duringhe 1940s and 1950s.

. A text by O. K. Trunov.[6] Trunov is gnerally recaynized asthe mosteminentof the
Russianaircrdt icing resarcters. In 1965 ke published this verthorowgh text, which
was translated into Ehsh and published in 1967 unddetitle, Icing of Aircraft and the
Means of Preenting It

Beginning in the late 1970s, &8w reports bgan to appar on icirg tunnelandflig ht studiesof
mixed-phaseconditions. The icingtunnel tests pla consideble eémands on the genuity
and determination of the experimenters, sine therewas no routineway of simulding mixed-
phaseconditions. This remains lagdy true todg, althowgh pragress has den mad for
simulaions foasingon engines when it is cnsideed sdisfactory to simulde the ice phase with
small ice spheresrdm nozles. The flight studies benefited from new electooptical
instrumentation that had becomeadable durirg the 1970sandcouldbe usedto chaacteize the
ice phase wre efficienty.

MIXED-PHASE CONDITIONS IN THE ATMOSPHERE

COLD CLOUDS.

Aircraft icing occus in cold clouds, that is, clouds in which the tengtere is below ©C.
(Refeene 7 is a primay souce for the mateal in this section.)Liquid doplets found in such
cloudsare saidto be supecooled beeause their émperatue is below 0C; a cloudconsisting
entirely of such dropdts is refered to in thisreportasa purely liquid supecooled cloud. At
temperatues betwen —4 and 0C, purey liquid supecooled clouds @& common. However, as
tempeature decreases, the prokability increases tha at least someice particles will be presentin
the cloud, sinceactive freeang nuclei are more nummus at lowerdmperatues.B] A cloud in
which both supercoolediquid droplets andde paticles ae preent is called a med-phase
cloud. At temperatues below about20°C, mary clouds consist entirglof ice particks; such a
cloud is calleda daciated cloud. Laboratoy experiments indicate that at tenmptures lblow
about -40°C, all clouds agtaciated.



The above discussion does notaakcount oftempeaturevaration within a cloud, which can
be congilerable, exceedng 10°C evenin stratiform clouds of sdicient depth. Thus clouds ma
have ‘told” (<0°C) and “warm’ (>0°C) regions, and if thecold ragion is of suffcient depth, it
may containpurely liquid, mixed-phaseand daciated ragjions. In the material that follows, it is
to be understood thajeneral statements caerning mixed-phaseclouds mayalso apply to a
mixed-phase igon of a cloud.

Mix ed-phasecloud is not stable due to the diffme in saturation @ssure ofde andwater.
(For example, air which is “just” sauraed with respect to liquid waer a -10°Cis supersairaied
with respect to ice by 10%;at -20°C the correspondig percenge is 21%.) The result is that ice
particles gow atthe expenseof water dropkts. The differerce in satuation vapor pessure bs
the ne effect of water moleailes escgping from water droplets into the ambient air, and water
molecules beng captured from theambient ar by ice paticles.

There are stdements in theliterature to theeffect tha the phase transition process proceals so
rapidly in theatmosphere that med-phaseonditions are neessaly shortlived. For example,
referene 5 sttes: “Because bthe difererce n satiration vapor pessure, e presere d ice
crystalstendsto dry up the liquid drops, thus, liquid cloud droplets canndgteor more than a
few minutesin the preenceof anappeciable corcentaton of ice aystals.” However, it is well
documentedhat mixed-phase conditions afeequently obsrved, which maysuggest that the
transition from mied-phase to lgciated conditions is morgradwal under some conditions.
Reference 9 addresses the so-cdled “phase relaxation timée which rdates to therate a which
transition ocurs.

This report focues on mixed-phase cloudsHowewer, it can be difficult to distingish glaciated
clouds from mixd-phase clouds possessusgy low liquid wate content, botlasto assgnment
to the proper aegory (glaciated a mixed-phase) andis to possble effecs on aircraft,
particularly aircraft ergines. Thus some discussiarf glaciatedcloudswill be includedin this
report. Reackrs wishig a thorogh discussion of thehamacteization of daciated cloudsare
referred to eferences 10 and 11.

ICE PARTICLE INSTRUMENTATION.

A variety of instruments for eecting, counting, sizing and imagng ice paticles ha be@
employed over the years. In realing the literature concening this instrumataion and thedaa
obtained with it, it is somaties useful to be awathat the usrs fall into two mairgroups. One
consistsof cloud plysics researchers, whoare inteested in de@oping a detailed undstandiry
of mary aspets of clouds. The infamation thg develop is valuaklfor a numberf purposes;
one is improved fomasts, andanother, vey significant historicaly, is weather modification
throudh cloud ®edirg. The othe group consistof aircraft icing resacches and engineers,
whoseinterests faus on daraterizingtheicing environment and deéerminingthe effects of tha
environment on airaft and how to protect them; this includes tleetification of aircraft for
flight in specified ¢ing conditions. There is ovdap between the twogroups, prominent
examples beng the Research Applications Prgram a the Nationd Cente for Atmospheic
Research, anthe cloud physics resarch group at Canats Atmosphert Environment Servie,



both of which have madoutstandig contributions to the understandiof both fundmental
cloud plysics and the airaaft icing environment.

For the purposs of this report, the an types of ice particle information obtained from
instruments can beategorized as follows:

1.

2.

Detection of the esere of ice paticles in cloud.

Ice water content (IWC). This is thetotd mass of i@ partides pe unit volumeof air.
Rdated terms are liquid water content (LWC), which is the totd mass of liquid waer
droplets per unit volume of a@nd total watecontent, TWC, which is thesumof thefirst
two. Common units for lathree are g/m®.

Ice crystal concentration (ICC). This is thetotd numbe of ice partides per unit volume
of air. Common units are numbeér/

Size of ice patrticles.Usually a maxmum lendh is used, andommon units argm.

Shapeof ice particles. There 5 a greatvariety of shags, a opic briefly surveyed in the
section “Types of Ice Partides in Atmosphee.” Onereason paticle shapeis important in
cloud d/namics is that it influences partelterminal velocity, which effects particle
growth by aggregation.

The main ypes of instruments which provideformation about ice gticles ca becategorized
as follows:

1.

Instrumats which sample agat of cloud scas to determine thegserme of ie aystals.

Clearly, instruments which novide information in catgories 2 throgh 5 above must
indicate the preenceor abenceof ice garticles. However, sone instuments, espedally
those usedni the eary days of aircraft icing resard, indicaie the presere of ice
particles but provide no fther infamation about themAn example of this ighe cloud
indicatordescriled in referencel1l. This instrument was introded primaily to provice
a means,especially neededin patcty clouds, of determininghe time ofenterirg and
leavingcloud; howeve it also proved udal in determiningthe pregnce & ice particles
in cloud. It consistedof a heated glinder with a thermocoug to measwe the surdce
temperatue at the stgnation point. Upon enteing a cloud, theemperatue droppedvery
rapidly, soméimes by as much as 50°Fin a second.Since it was more sensitive to liquid
water drops thn to snow or other écpaticles, it could alsobe used,in conjurction with
visualobservationsto determine tpciatedor mixed-phaseloud. Based on statements in
reference 5, t appears hatreearchas recorded nixed-phaseondiionswhenthe cloud
indicator supported the estence of ¢e paticles, andat the same timejisual obsenation
of ice aacretion on theaircrdt indicated thd at least someliquid waer was present; if
there was naccretion, snow oglaciated cloud was eported. The statistics thatvere
compiled concening the frequeny of occurence d mixed-phaseand glaciated



conditions usinghis approaclare digussed in the section féquercy of Occurrene of
Mix ed-Phase Conditions.”

Instrumats which samplea part of cloud soas to determine the T@/ If only ice
paricles ae presentor there ae reiable means 6 deermining LWC, thenIWC canbe
determined shce TWC. =LWC + IWC.

In the bBte 1950s, studies wercondwced in tropical regions in responseto engnes
malfunctioningon Britania aircraft, in glaciaed or mibed-phase cloud, in the esarial
zone.[13, 14, 1% These studies empled a pitot-type ice concentation metermounted
on the forwad es@pe hetch on top of the acraft. It exposed an opeandedtubeto the
airsreamsothatfreeice and wagér were collected inside he ube. The ube walls were
heaed ly a hermostticaly contolled heater system and he melted ice andwater were
colleced in a measurhg system inside he arcraft. This instument measwed TWC
ratherthanWC, but results from the stydhawe been used to put forard standads for
IWC, implying tha a basis existed for concluding tha no liquid wder was present in
some of the clouds measdr The poposed standds ae discussed irthe section
“Charecterization of Mixed-Phase Conditions.”

The Nevorov hot-wile probeconsists of two diffeent sensorgor measuementof TWC
and IWC, the difererce d which yields IWC. The first vesion of the probe was
developed at the Cloud fAics Laboratory of the Russian Cential Aerological
Observatoy in the 1970s,and the cuent version, incorpating the €nsor sensitive to
liquid but not ice particles, was dgsed in the 1990416] This probehasbeenusedin
severalfield experimentsconductedsince 1994 ty the National Remach Council and
AtmosphericEnvironmentServie of Canad, and las also been usemh recent field
studies conductedyiNASA Lewis Reseech Cente.

Instrumats which sample aagpt of cloud by capturirg a collection of paticles ortheir
impressons on a speally treated surfice. Statistics are computed from the individual
paticle measurements. A problem with sud techniques is tha someice paticles,
paticularly themoreddicate ones, fragnent when they collide with thesurfae.

Cloud physics researchers lave useda varety of instruments of this gerartype. The
simplest approachis to expose a stle speally coaed with an appopriate subsénce,
sud as minea oil, to theairstrean for ashort peiod of time Analysis of sut sanples
involves subtleties and is tedious.

Another method [] is to expose a movingstrip of 16-mm movie film, covered with a
specia plastic solution in ethylene dichloride to the cloudy air so tha ice paticles
impact on the film and becomembedded in the solutionEvapoation of the ethylene
dichloride leaves a thin plastic skin; ice evaporates through smdl holes in this skin but
plastic replicas of the ice partides areretained on thefilm (a similar techniquecan be
used for cloud dropls). By countingthe numier of ice paticles collecéd ona strip of
film which has swept thragh a measured volumef @loud, thecorncentations of ice



particles in the cloud can be dedd. Again, analgis is tedious andime-consumig,
and has naly been done fomore than just spot samples inefally selected clouds.

Instrumats which sample agat of cloud rticle by paticle.

The widely used etctrooptical instruments deleped ly Particle Measurig Systems,
Inc. (PMS) ae of this ype. They are usedor both solid and liquid particlesThe one-
dimensiona (1D) optica array probes (QAP) ddermine particle diameter by counting the
maximum numberof photodiodeghat are sadowed ly the prticle as it passes thrgh a
laserbeam. The two-dimensional2D) versions of the OAP incorpate additional dst
electronics to record multiple, sequential meaurementsor time slices of the partide as it
traverses lte beam This mekes posdile a 2D reconstuction of each shadow, thus
yielding information on pticle shapes well as siz[10]

An early flight stud/ [17], conducted ¥ the University of Wyoming, exemplifiesthe use
of output from OAP instrunms to diffeentiate ice partides from water droplets (s well

as measure the size of large droples and partides). For this stug, the Wyoming King

Air aircraft carried three PMS OAPs to measunydrometeors drger than 37.5um in
diameter (se table kow, which eprodues table 2from reference 17). (As the
footnotes indicate, someeseachas consider ta counts in the smalldrins of these
instruments to be unreliable arghore them.)

TABLE 1. PMS PROBESUSED ON WYOMING KING AIR [17]

Probe 1D-C 2D-C 2D-P
Size Rang®? 12.5-187.51m 25-800pum | 200-6400um
Resolution 12.5um 25um 200um
Sample Volumé® ~05L 48 L 168 L

(a) Diameter ormaximum size.

(b) Snallest 1D-C size wsed is 37.5um = 3*12.5um (implying that the first two bins were ignored) ard
smalleg 2D-C size ugd is50 pm = 2*25 um (implying that the first bin was ignored).

(c) Per DO mof flight.

Sincethe 2D probesrecod two-dimensional imges, they can be ued to distingish, on
the basis of shpe between droples (gproximately splerical) and ice paticles
(irregular). An algorithm for doingso by meansof numeical techniquess discussedn
referenee 18. However, tre resolution of the instruments is such that itasegally not
possibleto distinguish béween ice particles and water droples if the diameter is lessthan
200um.[19, 20]

In addition, WC can be estimatedfrom the® ciystal-by-crystal imags. However,
besides the problems in distinghingice from water, tiere is the proleim of additional
assumptionshaving to be made rgardirg the aystal density and thickness. Such
assumptions mtal various dgrees of uncetainty in theresulting IWC cdculations.



5. High qudity imagng instruments.

Recenly, instuments have been devebped which ae capabé of providing very high

quality, high-resolution imags. The digtal holographic proke [21] permits the

disaimination of ice paticles from waer droplds down to dieneters of 10 um and even

makes possiblethe identification of ice crysta shges (cdled haits) and effects of

riming on icecrystals. Such an instrument a8 includedon the Convair 580 research
aircraft used in the Canadan Freeing Drizzle Experiment (CPBE) field progam

conductechear St. dhns, Newfoundland, in March 1993 he cloud prticle imager [22]

is an upgaded \ersion in which modification$o the optics havesubstantiallyincreagd

the percentage of in-focus particles. This instrumat has be@ opeaated on threedifferent

reseach arcraft during experiments in the Arctic, thhCanadiarGreat Lakes,and Texs.

As of this writing these fine-scde eectronic particle images must bdreated in mud the
same wy as their hardcopy counterpartsrbm dass slide or film. The discrimination
between iceand water must bedore manudly or byagorithms simila to thoseusel with

the PMS 2D probe and ae subject to simila uncertainties. However, beauseof thar

greate resolution, down to sev& microns fo someinstrumentssourcesof eror are

minimized.

TYPES @ ICE PARTICLES IN THE ATMOSPHERE

Thenatureof ice particles in theatmospheréhas be@ extensivdy studial throwgh a combindion
of in situ and laboratgr techniques. Refaernces 7, 23, 24, and 2&re all good souces of
information on this topic, and thereeamary othas. This section relies maiplon reference 7.

Symmetrical ice ciystals growing direcly from the vapor phlasecan assune a wide variety of
habits, al of which can be broally classified a plaelike or prismlike The basic habit of a
crystal is daermined by the temperature a which it grows, with changes occurring near -4, -10,
and -22°C. Embdlishments of the basic habits ae deerminal by the degre of supesaturaion
of the ar with resgct to ice. (For exanple, the brarching dendrite is constdered an
embdlishment of a hexagonal sector plae.) Ice crystals ae exposa to continudly changing
temperatuesandsuperaturationsasthey fall through clouds, furtler increasirg the vaiety and
conplexity of the slapes lhey can assum

In a mixed-phase cloud, iceagiiclesalso increase in masy bolliding with supercoolediroplets
which then freeze onto them, a process c#led riming Various daraderistics (mass, @nsity,
termind velocity) of rimed ice partides differ from thoseof ice crystals grown exclusivdy from
the vapor phas

A third mechanism ¥ which ice particlesgrow in clouds isby aggregation. Aggregation
requires collisions, which are more frequent if termind fall speeds vay significantly. Suwch
variation is greater amongst prismlike gstals than platelike gstals and is ghnificantly
enhancedy riming. Aggregationalsorequires adhesion followincollision. The probabiliy of
adhesion is greateat temperatwes aboe about-5°C, a emperature atwhich ice surbaes ae
sdad to becomesticky. Furthermore intricate crystals, sut as dendrites, tend to alhere to ore



another becausedf becone entwined on collision A snowflake may consistof anaggegation
of hundreds of ie aystals.

Thevariety of ice partides is further inceased by processes (someimes alled ice multiplication
mechansms) in the amosphee which break up ¢e paricles. For exanple, sone icecrystals are
quite fragile and may bre& up into many pieces wienthey are subgcted to mechanical stress. A
more complicatedice multiplication mechanism, called splintegininvolves water droplets
freezing from the outside in afte coming into mntad with ice paticles, followed by an
explosion dugo expansion of trgpel waer, resultingin many ice splintes.

Finally, ice crystal type found ata particula location in a cloud is not simplg function of
temperatue and supesaturation at that l@tion. It is common fo a mixure of cystal types to
be found. Ice ciystals forming at hifper (@nd usual colder) altitudes in the cloud can fall
through thatcloudto lower altitudes.Thus, one mpaobserve dendritic grstals in aregon where
the temperatue suggests that columns should gribe pesent. The tempeature @dtermines the
type of crystal that will grow at a paticular location but not wha crystals may have formed
elsewhee and éllen to thatlocaton.

This disaussionis ment to gve an indication of the immense variety and complexity of ice
particlesin the atmosphes. It is clea that the clracterization of an atual population of ice
paricles in the amosphee must necesarily be rather nconplete exceptin specal, relatively
staic conditions. Furthemore in mixed-phae conditionsthe characteristics of the ice particle
population need to be degred in conjunction with those of tlessociated liquid watelroplet
population. Studieshaveindicatedthat the sie spectrum of thevater doplet population can
influence sgnificantly the siz spectrum bice particle population.26]

Just as the description of populations of ice particled wate dropletsin the atmospheg is
necessarily incomplee, test conditions in simultion fecilities a@n only crudey approximate suh
conditions. A brief surveyof simulation practice for mied-phase conditions is presented in
appendixE.

FREQUENCY - OCCURRENCE

There is etensive documentatiorgoing back at least to the late 1940s, that euxphase
conditionsare a commonoccurrence in the amosphee, a least in the middle latitudes of the
NorthernHemispherewhere most of the relent data lave been collecéd. Some of the data is
from drcrdt icing studies and mud is from studis related to thepotentia efficacy of cloud
seeding schemes.

ADS-4 [4] states: “Flight through clouds of icecrystals, snow or mitures of icecrystals and
liquid water is not uncommon.In support of this assertion, ADSrdprodues Table Il from
NACA TN 1904.12] The table shows that duririgyear d inflight icing researchin northen
North America, 23.6 per cent of the total time in visitleisturewasin mixed snowandliquid
water,and 325 per cent was in snow; merthan half of tle encourdrs involved icecrystals or
snow to some degee This stug employed the cloud indicatodescribedabove,in combination
with visual observation, to determine rmaikphase andjlaciated conditions. Table Il is
reprodued in its entirgt in appendixB.



In his FAA symposium presentaion [5], William Lewis male an intaesting staement
concernig the resultsof an analsis of cloud and icig frequencies obsrved on weathe
reconnaissate flights. Lewis said: “At a tempeature ¢ -5°C, sixy percent of thetime in
clouds was without icingndicating that theclouds wee composecntirely of ice ciystals.”

This staement is intgesting in two respects. First, it indicates tha the NACA researchers
apparent assumed tit when flght in cloud at sub&ezng temperatues didnotresultin any ice
accetion, the rason was that theloud wasglaciated. Second,for the study in question,the
proportion of presumegaciatedclouds is remarkaly high for a temgratureof -5°C.

O. K. Trunov includes in his téx6] a table (compiledyl. G. Pchelko)which includesover a
thousandobservationgn icing conditionsand shows that 41% of the ofxwations of icig
occured in purely liquid supercoa@d cloud, 54% in mid-phase cloud, and’&in glaciaed
cloud. This table is also included in appendix

Anotherstudy [27] carried out in Russia concluded that exikphase clouds oarred frequenty
at temperatugs betwen —5° C and —30C

Referemre 15 reportson 1091 hours foflight data; most was colleet either in summertime
cumulusclouds in Montana or wintertime ap@phic-frontal ystems of northern California.
The report indicates that appmmately 85% of the time that liquid watewas encounteredat
least someice partides werepresent.

Refererme 28 d@scribesa stug conernedwith the potential for erdmcing snowll in winter

orographic cloudsvhich was conductedver the central Siera Nevadarange from 1978 to 1980
as part of the Siem Coopegtive Pilot Project (SCPP).Since the potential ibelievedto be

greaestin an ce-ddicient envronment the resarders conputed the rato of LWC to ICC.

Consideringthose eses wkere LWC was nonero, theratio was undfined(i.e., ICC was zero)

only 3% of the time. In othe words, for this orgraphic study, liquid waer droplts wee

accompared by at least some &particles 9% of the time.

Referere 7 inclues a figue, ap@rently also motivated Yinterestin cloud seeding, relating the
probability of ice particks beirg preent in a cloud to the tempure at cloud top. The
probaility steadily increases as the temperdure decreases bdow 0°C. Clouds with tops at
temperatues betwen 0 and -4C generally consisted entirelpf supe&cooled liquid droplets.At
cloud top temperates of -10C thee wasabout a 50% prability of ice particés being present,
and below about -20°C that prathlity exceead 95%.

Refereme 29 reports on awraft icing reeacch conduadd during the seond phaseof the
Canadian Atlantic Storms Pnagn (CASPII) baed in St. dhn’s, Newfoundland.There were
31 flights totaling 119 hoursconducted ogr Carmda’s maritime provinces and éhNorth
Atlantic, andabout 20% of tb data catain significant ice @rticle corcentations. For a portion
of the rest of theaa, not spedied in the pape thee weae also some & partices present.

NASA Lewis Reseach Center has arried outan exensive atnosphert icing resarch gpogram
(1996-98) in the lower Great Lakes region; the primay goal of which las be@& to stuy



supercooled lge dropkt (9.D) icing environnents. Although only preliminary data are
available, it is clear @it mixed-phase conditions haween frequenty encoungred,whetheror
not 9.D wasfound.[30]

The Canadian Feezing Drizzle Experiment(CFDE) hascaried out resach ampagns in both
Canada’s maritime provinces in the nortstvGreatLakes egion. In CFDEI, in the maritime
provinaes, mixed-phae conditions &isted gpproxmately 20% of the time tha liquid water
droplets wergoresent duringl2 resarchflights.[31] In CFDEIIl, in the Canadia®Great Lakes
regon, mixed-phase conditions have also ocedrfrequenty, althowgh only preliminay data is
available.B2] The CHE studies, like the NASAstudies, have found that ice particles
someimes aexist with SLD.

Data from the Winter kcing Storms Project (WISP) wee obtained in nadheastern Col@do
during four winter asons. Nearly all meastements wee in clouds corining supercooled
liquid water. Of those clouds, P4 also containecce aystals. Stratifiedby the tempeaturesat
which the neasuements were taken, these pecentges ranged from 75% for temperatres
between Gand -8°C, 68% fotempeatures betwen -8and -12C, 79% for temperatures letween
—12 and -16C, 57% for tempratues between -16 ad -20C, 80% fa temperaturesbetveen-20
and -24°C, and 100% fdempeatures llow -24°C.[33]

Theseresults,from a variety of environments in diffrentgeographicregions of Nath Ameria,
could be supplemented by othg espeially from cloud seding studies. They provide ample
evidencethat mixed-phaseondtions occur wh appeciable frequeng in North America, with
estimatedpercentags rarging from 20% to oer 90% a@pendirg on region, environment, and
temperatire.

CHARACTERZATION.

Apparently no atmosphe dataon IWC or ICC wee collected ty the NACA icing resardhers
of the 1940sand1950s. ADS-4[4], which relies so heayilon the M CA reports, includs ony

table C-1 entitled “I ce Crystal Concentation Standards,” notqhthat it was supplied ybthe

NationalResearh Councilof Canac. The tex indicates that the standis preserd are for ue

in enginetesting Notewortty aspeds of thetable arethat it lists vdues for TWC vdues rather

thanIWC and that some of ¢hvalues g very high, 8 g/m® in one case, and m? in several
otheas. The daa are similar to, and likely derived from, tha which gppears in rderence 12,

which was mentioned earlier and which described research relaed to emjine problems
encounteed by theBritania.

Trunov’s text [6] includes specific discussion of special invgsdions in the tropicegions of
Africa and the Atlanticconducted ¥ the Emlish Metegologcal Servie in 1956-1958 and
listing references 34 and 35.Trunov stateghat “the reasonfor carrying out investgations was
due to casesfamotors ¢ing on theaircraft Britania durirg icing in crystalline clouds.” He
states that these “complicationstanrred in “aystal clouds” vihich wae “encouneredin the
tropic regions of Africa where stong shifts of air masses occu dueto the great hegting of the
earth.” Refeendng Ballard [34], hestaes tha “the maimum @nantraion of iceis 6 gm®,
and the mainum ske of the cystals reaches 3 mm.” About 90% of the articles ae saidto
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havehad amaxmum dimension of less than 1504 The plenomenon ofdry” icing was
reveaked during afli ght through summits of cumulonimbus clouds containalg@rge quantity of
ice crystals. Obsrvations made shwed that the altitude in the tropiat which clouds
containingalarge quantity of crystalswere foundvariedfrom 6000 to 9000 mThe exent of the
crystal clouds sometimes reacheseral hundred kilometersTrunov states:

As aresultof thee investigations a gerad table ofconditions of icingwas proposd,
which covers ararge of dtitudes up to 18 km rad indudes the content of water both in a
liquid state and also in the form ofystals. These caditions, gven in table 10were
discussedt one of the internationalcorferenceson the poblem of icirg, but the were
not accepéd asofficial calculation conditions.It is obvious that the degiing of deicirg
systems ly theseconditions at aigen level of tehnolay is an impractial problem.

Table 10 is also included as table-Z It essentiallyis a conersion of table I from ADS-4

(table C-1 in this r@ort) to meric units, with vey slight adjustmaent.

TheJAA currently includes atable in its guidance materid [36] which is dso simila in format to
table 1-6 in ADS-4 andontains some of the samalues;it could fairly be called a truncated
version of table 1-Gvith a mean grticle diameér (1 mm) addd. In fact, the JAA tablehasa
footnotereferencing [13], which implies tha the vaues are based onthe daa collected with the
pitot-type ice concentraion mder for deermindion of TWC distssé in theprevious section.
This instrument gve values substantiaflhigher than thoseecaded fom ary other instrument.

Jeck[37] has proposed standards foflight ice/snow conditions (not mexi-phase conditions)
based on angses [L1, 37]of 7600 nmi of select ice particikeeasuementsn a variety of cloud
typesover the U.S. at altitudesup to 30,000 ft aboe sea legl (ASL). These standards er
included in table C-4 also pested in appendiXC. The IWC valuesstaed are substantialf
lower than those whiclappear in the other ables discussed in thisection, all of which
apparenyy derive from reference 13.

ICING IN MIXED-PHASE CONDITIONS

AIRCRAFT ICING.

In this report, the followirg definitions ae adopted:Structuralicing isicing thatocaurs on any
part of the aiirame or on ary probes or otheprotubeanaes. Engine icirg is icing thatoccus on
the inlet lip or within the erige keyond the inlet lip.

Structural icing and gne icing have lorng been reognized asproblemsin cloudscontainirg
supercooled liquid droplets since thafroplets feez upon omfter impact withaircraft surfaces,
resultingin iceaccretions that nyabe razardous to fligt.

GLACIATED CLOUDS. Most reseechas have wewed stratural icing in glaciaed clouds as at
a rae (or norexistent) phenomenon since icerficles are lelieved to bounceff dry, unheated

surfaces. Howewer, for emgines & some degns, emine icing problems can ccur in glaciated

clouds if a sufficient masd ace particles is ingested under certain conditions.
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ADS-4 [4] contains relativel little discussion ofcing in glaciated(or mixed-phasefonditions
andin fact referencesonly oneNACA reportfor the mateial that it does includeADS-4 states:
“Dry snowor ice aystals ae not usuall a problem. The exceptions have len in the cas of
turbine emine inlets ofgreat lemth and cuvature.” It also states: “Wen encounting ice
crystals and snow in grclouds, it is not neceay to turn on the ie protetion system.”

In his presentation to the FAA Adgraft Ice Protection #mposium in 1969, WWiam Lewis
stated:If acloud is composed entisebf ice crystals, icing does not ocur on exernal surlces,
whether hated or not” While most sources gree with this statement for unhea¢d suraces,
thereare a number of sources,including ADS-4, which disayree that it is alwas true for heated
surfaces.

O. K. Trunov B] discusses hazards duegtaciatedandmixed-phaseconditionsat seved places
in his text, albeit somewhat brigfl On paye 42 of the Eglish translation he staesthat during
flight in glaciated cloud, “icig, asa rule, d@s not occur” bcause,‘in ordinary conditions ice
crystals, olliding with the cold surfae of theaircrat, slide from it and pasby the air flow.”
Howeve, althowgh he states that fg” icing is a“rare phenoranon,” he des preent a table
(B-2) indicating that for a stug encompassig approxmately one thousand obseaiions of
aircraft icing, about 5% occued inglaciaed conditions.

MIXED-PHASE @.OUDS Aircraft icing occurs in mied-phaseclouds, since Y definition
such clouds must contain some superedalroplets, and theswill freezeuponor after impact
with aircraft strudures. However, what is theinfluence of the ice particles in amixed-phase
cloud upon structural icg? Do the ice cystals bounce t an unheateduface on which thereis
liquid water, or do thg become embéded in the sudoe wate, contributirg to the mass athe
accetion when he water freezes. How do hey affect the opeation of ice potecion s/sterns,
paticularly themal systems? Findly, does the mixture of ice crystals and liquid wder pose
special problems of inteahergine icing for some degjns?

ADS-4 states that in a nmex-phase cloud, ice ap accumulate andrequire use of the ice
protecion equpment It cautons that the “capacity of thermal systems nmay be exceeded,
however, making it “necesary to es@pe the ¢ing condition as rapidl as possible.” The
documentalsonotesspeculatiorthat “reports ofexcessive icig might be theresult of flight in
mixed cloudswith anti-icing systemsovertaxed by the inadeased hat neeéd first to melt the ice
crystals, thento warm and evapaate the waer.” Later it states: “Documented eviderce of
severe airilameicing problems in clouds of icergstals or mixed clouds is lackinghowever. As
long as theengine continues to delivehe requied thrust, opeting in ice crystas is not likey to
present seve prdlems.”

Lewis states:“In mixed clouds the efict on exernal surdcesis not materially different from
tha of theliquid water done As long & theair flow is sud tha theice crystals arenot hdd in
place but a blown along #ier impingement, thecooling effect of the i@ is almost ndggible.”

Trunov states thatice crystals conained in mided clouds”play arole “in theiceformationon
thesurfae of aircraft.” He further states that durgexperimental flidits he grsonally obsened
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tha ice paticles “were impregiated into afilm of ice formed by superooled drops on the
surfae of acertin part of theaircraft.”

STRUCTURALICING.

FLIGHT STUDIES. There arereportsin the open literature on threedoaumented experimentd

studies that address @it icing in mixed-phase conditions in tremosphez. Mixed-phase
icing was notthe exlusive focus ofany of thesestudies,butall of themgive resuts on the effect

of theice partides on thecing process or thampact of theice on theaircraft peformance

Thefirst study is reportedin referenees 17 and 38, whih ale companion paps which ascribe
icing conditions encounterezhd resultig peformarce effects, for the Univergiof Wyoming's
Beechcraft SuperKing Air 200T durirg reseach flights durirg the late1970sandealy 1980s.
This arcraftis alow-wing, sweptT-tai, pressurzed twin-turbopiop cerified for flight into known
icing condtions Pneunatic deichg boos prdect the wng and horzortal dabiizer. The
windsheld, pitot masts,ard fuel vents are aniced w6ing electical heatandthe prgeller is deced
usingelectical hed. Inlet ice pratecion is aso provided. Mog of the daa for this study were
collected eithe in summertime cumulus clouds in Montanawantertime orographic-frantal
systemsof northern California. The aralysis of aircraft performarte utilizes a method desceib
in reference39; theinvestigaors omparel therate of climb capability of the aircraft with ice to
the rate otlimb capabiliy for thecleanaircraft under the sameonditions.

The arcraft carried three PMSoptica array probes, somof whose charaarisics are gvenin the
table in the section “lce Paticle Instrumentaion.” As explained in tha section, the 1D-C probe
records oly sizes, but the 2D prdoes aso recordiwo-dimensional images. Referencel7 state
tha in this gudy the 2D probes wee genadly useal to detect ice paticles for sizes larger than
200-250um.

The authors state tha ther man condusion conarning mixed condtions is tha ice particle
concentation was unreted to perfomance depdaton for this research pgram  Since this
concluson d least patially depends othear correlaton of icing patenial with aircraft perfomance,
this aspecof their work will be brefly reviewed.

“Potertid accumulation” is defnedin this wolkk as “he mass of supercoled waer that would

accreeg, per unit surface areaf ithe cdlection eficiengy were unty.” This is a simple measure;
notethat cdlection efficiendes o sane sifaces can be dsw as 02, amd aher factos, sich as
sublimation of ice, are nbaccouted for. Note al® that iceparicle cortentof the cloud is notpart
of thedefinition. The cacept ofpaental accunulation was erployedin a morerecentandysis of

icing data from the same arcraft collected duting the Winter Icing and Stoms Roject (WISP), but
this sudy did nd addres nixed-phase coditions.[40]

The poential accumudtion was catuated for 506 individud icing encourers whch weretakento
begn with the first exposure tosupercoted water (>0.025 g/m®) and end whenthe ambient
temperaure exceedd 0°C. The athors found that in typical icing condtions, the paenial
accunulation was wellcorrebted with the effects oficing on the aircraft whenall ice pratection
systemswere used. (This gpod corréation wasconsdered sirprising because ther parameters
possbly influencing performancesuch asdroget size spectrun, temperatureand dlitude, varied
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over a wide rage in he dataset.) Specificaly excludedfrom typical condtions are cases where
supercoold drogdets of 40-300um diameterwere present (These were foud to be mtertially
hazrdous evenwith the ful icing praection ofthe SuperKing Air in operaton, shoving aneffect
on perfornance far geaer thatwould have beempredcted on the basisof the liquid water cortent
or volume-medandiameer.)

The aubors ofreference 17 cohadedthat because dhe widevariability in the ice paricle spedra
for the caseshey examned, the good correktion of performance corredtion with potentl
accunulation argues a@instalarge effectatributable to ice paticle accreion.

However, theynote thatthe hydrometeor gectra inthis study “seldom cortainedenoudy mass in
the ice jmaseto accounfor significant accrabn, even vith 100% cdlection efficiency, exceptin
the gaupelsizes wheresubsantia sticking to the inpaced surfaceds unlikely.” Due b this and
other Imitations of thdr data the auttors enphasze the weakess of their evidence for
generaliaton.

In conclusim, they state: “Athoudh we canot daim thatice paricle accretbn neveroccurs (forwe
haveseen agregates stickio the leading edges), or tha eroson is unimpotant (for we havealso
observed gparentcleaningof theleadng edges afterpenetréion of graupelshowers) the effectson
performance whit we haveobservedcan be gplained without atributing any major infuence ¢
ice paritcle accreiton.”

A secondstudy, conducted ¥ Bain and Gget, is discussedin references 41 am®; ths repot will
rely primarily on the seconaf these referencesThe sudy involvedicing expermens with an
instrumented DC-7 aircraft carried out in Spain during the Precipitation EnhancenentProject (PEP)
expetimert in 1979.

The instrumentdion usedincludedthreehydrometeor-ging probes, an ISP with a 3- to45-um
range, and two ORs[a1D-C with a D- to 300-um range, and a 1D-P ith a 3M- to 450-um
range. A JohrsonWilliamsprobe wa use to deternine liquid water caotert, which the athors
noteis not fully responsived drgplets larger than30 um in diameter.

No direct neasurenents ofice parttle concetration were made ly the DG7 during PEP.

However, esthates ofice parttle cancentations were nade by “comparison of measurenents of
the 1D-C and D-P probesto the microphysical measurerarts perfomed bya QueenAir which

was irstrumentedwith 2D probesduiing the PEP experiment” In justification of this goproach,
they briefly describe researching an mpactordevice ad a 2D-Coprobe whch showed that;in al

the $uded clauds noraindrg with adiameter geater thar200 pm was present in the supecoded

part ofthe cbudswhich impliesthatall suchparicles werdce paricles.”[41]

Theman condusion ofthesiudy is tha themixed conditions encountered (dl of which resuted in

a diy growth regme) indicak thatthe ice phas@lays an mportant role in the ice accreton process,
reducng the rak of accreibn subsantially. For a rang of emperaure fran -21 1 -8°C, theicing

rate appeareda be reduced-50% by the presence ofalge ice parttles in concentations alove
5 L. A possble explanaton is that the te paticles erodedthe ice depsit formed by the

supercoold water.
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In characterizing the ice paticle condtions induded in thar study, the authors rote tha in the
temperature rage from -8to -21°C, the nain crystal habitis danar. They state tat the maximum
dimension of the sanpled ice paticles vaied from 500to 100 pm. Using a mass-to-dinension
correlation table, they condude tha the correspanding mean mass of ice paticles in the stuly was

15ug.

These neasurenentsalsosugest that the effect of the mixed corditions (ice crystals presenamong

supercoadd drofets) is to reducethe icing rate by more than50% posshbly because offie erosion
caused b the large ice paricles impingng on the ice deposi. The ice accreton redudion effect
was obseved in cumuliform douds nost often a tempeatures near -20°C and generally for ice
paricle concentations greaer than5 L™. In this sudy, only particles witha diameter>200 pm ae

consteredto be actve iceparicles forthe eraion process.

Sincethe mixed-phasecorditionswerealways encountered durg a diy growth regme, theauttors
infer that the observedice accretin reducton effect could nibhave been dueto liquid water

sheddng.

The autlors cation tha “our conclisions canot be gneralzed beyond” the corditions inclwedin
thestudy. It maybe possibletha, a higher temperatures, sane ice particles with low dengty may
stick to the surface wherhe temperature $ suchthat a wet gowth regme occus. They addressed
wet gowth regmesin anicing tunne study discussed bew.

Thethird study wasdoneby AshenderandMarwitz andis discused n references 18nd 8. This

studyrelied on data frm the Uniersty of Wyoming King Air, asdid references 1@d 38. The

work doesnat enploy potential accumugtion, the authorsoting that its catulation does not
incorporde themassof the ice cystals. The performancecalcuationsare done ira mannesmilar

to references 1and 38 bu with same dfferences, inludng the use ofa varialle propeller

efficiency algorithm and thedetermination of aircraftroll ange componens. In orderto invegigate
the effectof the mixed-phase evironmen, a 2D-C haseclassficaion algorithm wasdevelopedto

separate thee hydrometeors fron the iquid ones.

The magr finding of this gudy concerned freéag drizzle aloft, and it is brieflydiscussecere
because obserttans for mixed-phae condions are dectly related to it. The King Air
performance degadaton rates were higher in freeang drizzle aloft than in any other king
environment studed It is naed that in the woist casethe reserve perforrance capaility of the
King Air was consumed within 5 minutes. Obsevations by the King Air flig ht aew sugyested tha
the drizle drop fraze as sharp “fedters” or “daze nadules” & or just beond the deicing
equipment. The athors hypothesie thatthe shargeahersor nodudesare theprimary ice structures
which are d&imental to the stardard aiflow characeristics, resuling in performance degadaton.

An importart observaton paricularly striking in two cae stidies concernedigh ratesof recovey
upon «iting the freging drizzle andenterng mixed-phase coditions characterzed by large ice
crystals and low amourts d liqud waer. The authors suggest thd the amdiorative effect of the
mixed condtionsis dueto the feathes or rnduesbeing eroded, osmoothed,by largeice crytals,
as was also sggsted n reference 41.
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ICING TUNNEL STUDIES. A paticularly well-documented eperimental stug condictedin
an icingtunrel is discussed in referce 44. The wind tunnel egeriments wex donewith a
fixed (i.e., nonrotating cylinder, and tle results wex used to ealuatean anatical model for
fix ed-cylinder icing with runback.

Theauthorsstate: “The resuts of theseefforts answer a few othe mwncerns ahat mixed-condtion
icing. They suggestin fact that supercoted wder-ice cystal clouds mg not pse a sedus
hazrd.” However,they also sg that “mary further questons areraisedconaerning the details of
the accretion mechanism, and these questions will hare to beanswerel beforefurther progressin
modding will be possible’

Pat of the mativation for the sudy arose from reoorts of hdicopters flying in naurd icing
condtions someimes eperiacing sudlen andextreme rates oftorque rse, whch were ot
anticpatedon the bass of the icing rig hoveringflights.45] The autlors gate “Unfortunatey,
insufficient instrumentation was mowted on loard the arcraft to determine the complete
microphysical properties of the cbudsin which this phenanenonoccurred. As a camsequence,
specudtion as to the cause explanaton of these evits wasnot constainedby a conplete se of
measurerans.”

The autlors list four speciationsas b the cause ofapid torque rse. Only Speculabn 4, “tha
unusud or unexpectedenmvironmental condtions were encoulered, mixed-phase coditions being
one posihility,” is relevanto thisrepot. The gudy soudnt to tes the hypothesigha mixed-phaed
condtions might hdp to expain the rapid torque rse ly incorporatng ice crystals into a
mathemé&cal madel of theicing proces andundetaking icing tumel experimerts to examine the
assumponsunderlyng the model.

The mehod by which the nixed-phase coditions were gmulated is discussd in appentk E.
Briefly, finely divided,recenty fallen snow wasnjecedinto the tinnel by means of a ydrauicaly
driven cawveyor belt mechaism cortainedin an insuated lox. “Snow with a dngty of 60to 270
kg/m® was cdlected out of doorswithin a few das of its fall and placedin the dy-ice-cooled
convegor belt channel. It was carefull leveled toa deph of 0.02 m ard then fed throudp an
oscllating rake afa rae of 10 to 102 Vs, beforefalling through a verticd tubeinto the plenm. A
flat plate was maunted bdow the end of this tubein order to arrest thefall of any large aggeggtes,
and to breakthem up.” Phdographsof the ice paricles indicated tha there had beersame
metamophoss, they werestill characteded by “the large surface area to kome ratio typical of
many naurd ice crystals.”

The ICC of the ar in the working secton was vared bycharging the bet speed. It wasmeasured
directly with a specidl constructedetof five aluminum samging tubes, screwnounted at 0.05 m
intervals an a bar ftted acrosshie measuing secion.

At speeds eseedig about 100 m/s, the icaystal conentin the working sectionconsistedof
both snow which had le@ directy injected intothe plenumandrecirculatingparticleswhich had
alread traveledaround the tunnedircuit one or mag times. This reciculation did notoccurto
any significant extent & lower speeds becausetheice crystals are able to sdtle outin the lower
section of the tunnel.
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The eperimental condtions for the unnéd teds were anbiert aimogheric prgsure; stdic
tempeaatures of -5°C (“warm” icing), -15°C (“cold” icing), and -8C; liqud water onters of 04,
0.8, arl 12 g/m* medan vdume dianeter rominally of 20 um (actual rang: 17 to 25 pm), and
veloctiesof 30.5,61,91.5 and122m/s. Asto ice cngtal contentan atemgd wasmadeto match
the ice cystal contet with theliquid water catert, Snce dthoudh desirake, it would have beeto
diffi cut and time-corsuming to test a range of ice cngtal conents for eachiquid waier cortent.
“Even the objedive of matding ICC and WC was ot dways achieved, wh ICC and WC
occasonally differing by as nuch an a fadr of 2 or3.”

During someof the nmixed cadition expeiimerts, high-speednovies werdgaken ofthe icecrystal
collisions. The speed wasigh enaigh to revea the detils of the collisions and the sulsequen
motion of the collision fragments, but the framing rate was ta dow to stop the mation of the
impinging ice ciystals which consegently appear as staks o the film.

General, the depass grown undermixed corditions showed somesvidenceof havng grown
cooler and drier than their liquid water counterpats. The ice is more miky or opaque andhe
surface rougness apears to beidchinished.

Notable differencesamong the liquid and mixed depaits were seen ¢ occurin three cases:
(@) 61 m/s, 5°C, andan LWC of 12 gm®, (b) 122m/s, -15°C, and @ LWC of 04 gm® and
(c) 110 nfs,-8°C, ard an LWC of 0.28g/m°.

In case (a)lte mixed-condtion accretn is supericialy less roufp than the correspomling liquid
water growth, but it incorporatesmary large air bubbles rad cawties gving it a slushy, milky
appearance.

In cases (b) and (c)he mked-candition depsits arequite smilar to oneanoher in appearance
even thogh the corregondng liquid waterdepogs lookto bevety different.

The outlinesof theseaccretons suggest thatthe ice mrticles hal a cosideralde shapng influence.
The auhors sugest that “this effect may be atiributable to the interaction of a mechamcal ard
thermodynanic process assaated with the ice cystals. The snoath, aeroggnamc streamining of
the lateral surfaces otthe accrabn sugests a posdile erosbn process Wich wearsdown the
feathey rime that night otherwise gow outwardin thisregon.”

The effect othe ice cystalsin casegb) and(c) was o reducehe overallmass gowth rate ly about
25% ando redstribute the remaning depait massin amore sreamined fahia.

Thin sectons of sane of the accretns cutperpendcular to the g/linder xis were nadein a way
similar to aprocedurehat has beemsed ér makng thin sectioms of haistones. The thn sedions
werephotogaphed in tramsitted light to show théoublde paternsandbeweencrosedPolroids
to reveatheir crystal fabric. It was hopedhat suchstructuralinformaion would castlight upon the
nature ofthe ice gowth proceses occuimg during accretion. Little differencewas seen in the
bubbleor ciystal strudure ofsectonsfrom liquid waterasopposed to mied-phaeconditions. A
possble interpretaion of this resut [whith is consigent with thehigh-spesd movie obsavationsin
thatthe aiborneice ciystals break upnimpad, andtha only a smalifracion remairs embedded in
the surfacethe restspleshing away 1
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Time lapse ad high-speed maes were made fosomeof the epeimerts, and in most of the
films, it is possible to obsave the impact of many individud crystals and theeby gan an initial
insight into theice cistal accreiton piocess.An important quditative olservaton wasthat many of
the impacting ice cystals bounce off the surface wheer itis wet or dry leaving no apparent
resdue n the accreion.

A smdl fraction of the paticles, chiefly the larger crystals and passbly condomerates, hi the
surface and were ebrvedo breakup/spbsh,leaving anidertifiableice resiue in he surface.The
ejected mterial, which the autlors state “s probaldy predominary ice, thoudp it may contain
liquid water,” is usually carried awg in the arstream Occaspndly an egcied parttle wasseen ¢
re-impinge uponthe sirface and dén baincingagain.

This observéion woudd help eplan why the massand dmensonal growth ratesof the mixed
accretions areot sulstanially different fromthe correpondng ratesin pure Iquid water clauds.

Becauseéhe high-speedmovies were dcusedonthe centa pottion of the accretin, they contin no
apparenevidencewhich might hdp to resdve the qustion of whether te streanlining which is
somdime obseved is theresul of rime feathe erodon by theice crystals.

A comparisonof predcted ard olserved pofiles for mxed-accreion casesdemonsiated that the
modé assumpton tha when the growth is wet, dl the impingng ice crystals stick, or at least
enoudn of then to m&e thedepos justdry was seriouslyvrong In fact, asthe high-speed maies
andthe experimental profilesindicaie, not neary all of the ce cystals adhereto the surface even
whenit is wet.

The auhors contudethat for the conditions examined, “it seemshat mixed-cordition icing need
not poseasserpus aconcernas hadeen suspeetl sincethey do notleadto greaty enhancedlcing
rates. The net effecof the addtion of ice cystas to the ar stream n sane casesnay evenbe a
smal reducton in the massgrowth rate ouded with an apparentstreanlining of the pofiles
perhaps duéo eroson.”

A second icig-tunnel stug of icing in mixed-phase conditions was conduciea mountaintop
instrumentedwind tunnel operatig in natural icingconditions. The facility was at the
Observatoire duPwy de Dome, lo@ted on the summit of Rude Dome mountain, more than
4,000feetabowe seadvel. This stug, which is descrikd in reference 46,grew out of theflig ht
study preentedin reference 42. As previousy noted, the olervations of icig in mixed-phase
conditions for the in-fligt study were in a dy growth regime. This stug¢ provided results foa
wet growth regme.

Two fixed-cylinder ice acaetions wee obtained unet icing conditions thatvere similar except
that (a) onewas obtained with supeooled water only, and (b) theother was grown in mixed
conditions with dargeice particle concentraion.

The ice of exanple (a) wa chaactkerized by a prdile of consant thicknessacrossthe whole
deposi, a glasy aspectof the ice, andan ice surficewith large roughness. The ice profie of
example (b) was quitedifferent in tha the profile was dlliptical, theice had awhite asped, and
the ice surbicewas snooth.
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Furthermae, the mixed-phaseonditions gain resulted in aeduction in acretion. The authors
explain this as folows: Let M denote measued acreted masson the cylinde and M. denote
calculated aaeted masson the cylinder for the gven eerimentalconditions. For example

(@), it was found thit M = 9.0g and M, = 10.6 g whereas for example (b), it was found that

M = 3.0 gand M, = 7.6g. Thus for(a), the @ues of Mand M. arereasombly close, wkereas
for (b) they shav a differerce d about 60%.

The authorsexplain the observedvhite aspet of the @cretion in mixed-phase conditionsylihe
incorporationof ice crystalsinto the structug. They do not mention andocumentation of this
happenig, and theirexplanation contradicts the findia of referene 44.

The auhors aso asribe he diferene in roughness @ the assured incorporaton of ice crystals
into the structure.They as®rt that under purglliquid supercoad conditions, “the ice steture
presents extended crystals with a radia orientaion in @ntrast with smd granular crystals
observed in migd conditions.This leads to aoudh ice surface in thefirst case anda smoothe
ice surfze in the scond.”

In adry growth regime, the authordiadpostulatedhatthe ice partices had bouned off tre ice
strudure, substatialy eroding it in the processif the paticles wee sufficiently large. However,
in the wet growth regme, the paticles arebelieved to beincorporaed into thestrudure thus
giving it its whiteaspect. How, then, is theredudion in accreted masswhich is obseved in both
dry and wet onditions to be gxained for wet conditions?The authors ascribe it to a loss
water “induced by a weak teat transfer codficient’ due © the snoother surfae in mixed
conditions.

ENGINE ICING.

It hasbeenrecanized at leastsince the 1950s that glated or mied-phase conditions ca
presenta hazard to someengines. ADS-4 noes that these conditionseanot usuajl a problem,
but then notes!The exceptions haveden in the cseof turbine engineinletsof greatlength and
curvatue. Concentations of ice rystals at bends oflow reversal pointscan result in
intermittent shelding into the engine resulting in engine flameout. This problen may be
aggravaed by areasof ducting that may be warm from contact with hotsectons of he emjine.”
Note tha it is generdly bdieved that these concentraions of i@ crystals form a& agodynamic
staghation points whex localairflow velocity suddeny drops due to the flowath shape.These
engne inlet ice colletion points are intended to laeldresed by 14 CHR 33.77(¢, where ice
slab ingestion is considekas aresult of delgied inlet anti-iceadivation. Theintentof this part
33 pargraph is to demonstrate thatgemes can ingest & slabs that ha&vacaeted ontheinlet
surfaces.

William Lewis [5], stded tha “interior duding having reverse bends or stagation aeas ma be
subject to icingn snow or mied cloud.”

O. K. Trunov|[6] speaksf the “great dager fa cetain types of emgines” from ice cystals. He

contrastsan engine “with an aimost retilinear air intake channd” to onein which “the air flow
charges the direction of its motion 180 degreesear tte combustion chambets.He indictes
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that the second is much more ssthle to “a mgative influerce of i@ aystals” because b
possble “accunulation of ice clystals on the bentsecton of heair intake”

Since 1988, there havbeen seveal incidents in which garticular aircraft engine desn,
utilizing an unusual dual-stage ghisolidity first stage low-pressurecompressorstator, has
expeienced power loss instailities when exposel to an gppaently heavy concentraion of ice
particles and, in at é&st some ca&s, mixed withliquid water. The availablefli ght datarecader
and meteorolgical evidene from these inidents suggests that theccured most often irthe
anvil areaof thunderstorms. Seveal ocurred whenflight acews were taking the appropate
action to avoid the large threatsfrom flight in or around thunderstormsin each cae it is
believedthat nonaerodynamic daze ice formed andaccumulatedon an unusual g@mne dsign
feature, spedicaly the dualstage high-solidity first stage low-pressue compressorstators. This
ice accumuldion resulted in significant agodynamic blodkage to thecore of theengine

Referere 15 notes tit most of the incidentsccured near a fli ght altitude of 30,000ft msl,
often when flght crews were mareuvering around thestrorg rada echaes characteristic of

thunderstorms A commonscerario was that “tk ergines lost power slowlat first, culminating
in a rapid (uncommaredl) reduction of pover to flight idle, commony called engine rollback”

Engne paver authoriy uswlly “returned after desent throgh the feeang level.”

Refererce 15also noes hat“in no caes dd the piot or crav repat more thantraceor light
airframe icing at flight altitude,” sggesting that vey little liquid water was pregnt, which is
typically the @se in theanvils of thunderstorms.

Anvils of thunderstorm$orm when the thunerstorm cloud sgads out at the tropopse, whee
there is a temperature inversiom the middle latitudes of Nth America,this occursat around
30,000feet msl. Most transportjet aircraft cruise at 33,000 to 40,00@dt msl (above th
weathe)y and so theirengines ae not eyosed totheseconditions. Howewr, it has been
speculated that in other g of the weold where the tropopausis hidher than in Noth Ameria,
and whee air tavel is increasig, more transpa jet aircraft mg encounter these conditions.

EFFECT ON A TOTAL AIR TEMPERATURE (TAT PROEE.

Refereme 15, quotedabove concening engine rollbak in the anvils of thunderstorms)so
discussesesting of aheaed TAT probe following insances oferroreous emperture readngs
from such probes in thesenditions.

The probewas tested in a wind tunnel in both all icarpcle and mixed-phase conditions, with
ice particles ®a man diameter babout 1 mm andWC as higp as 5gm™>. The test results
indicated tha the probetendal to dog with ice particles Chath with and without liquid watef—1
and that this behavior was intensifieg the small concemations of liquid water wed. “When
the ice bridge forms, the probe heaters warm thesensor, whit nov is not vetilated with
ambient dr, to nar the mdting temperature of ice (i.e.,, 0°C),” and the prob registas an
anomalous warm tempegure. Thus this problem is attributed tbe samecaug, i.e., shap
turningof interral flow, as thecau® that ADS-4, lewis, and Trunov givdor ergine goblems in
glaciated or mixed-phaseonditions.
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Further workon the gound esting of a TAT probe is repded in rderence 47. This stug was
performed ina wind tunnel and maduse ofa speally constucted i@ particle &unch gun.
Investigatorsvariedice paticle siz and densit in their investigation but did not includeyan
data on the péormarce of the probe in their publation.

EFFECT ON THERMAL ICE PROTECTONS SYSTEMS

There is adifferenceof opinion in thevery meagr public literature on the question of whetheror
not ice particles makan additional deand on the gpacity of thermal ice potection ystems. If
they simply bource df even if the surdce is heated, thendit do not. On the other &nd, if they
do not bounce offadditional heat will be requed from the gstem.

In hisaddessto the FAA symposium in 19695], William Lewis stated: “1 acloud is composed
enirely of ice cystals, icing doesnot occur on exernal sufaces, whetter heaed or nof’
However, hegives no efererces in support of thiassertionand other authoritiesindicate that
the stuation is differentfor a heagd surfae.

ADS-4 makesa strorg statenent conerning this matter (without providigpa referene) on pge
1-24:

Flight through clouds d ice aystals calls forcareful exercise of good judgment
by the aircraft pilot. Normally, the ice potection sgtems should not be turned
on, astheairframe and egine sufaces will remain @an. In a ‘mixed’ cloud, ice
may accunulate and equire use bthe ice potecion equpment The capacity of
thermal systems nmay be exceeatd, howeer, and i may be ne@ssay to escape
the icing condition as rapigles possible.

It also notes speculation tha “reports ofexcessiveicing might be the result of flight in mixed
clouds with anti-icingsystems ovdaxed by the inceased hat neeeéd first to melt the ice
crystals, then b warmand evaprate the water.” However, it statesthat “documented evidene
of sevee airframe ting problems in clouds of icergstals or mixed clouds is lacking

A paragraph on pge 5-9 notes theeed fa a pilotmaking anaccurate judgmentasto whether he
IS in daciated o0 mixed-phase conditions in decidiwhethe or not to turn orhis ice protection
system and warns of possible seus consegences & making the wrory decision (althowgh,
again, no rierence is provied):

Whenencounterig ice ciystalsand snow in oy clouds, it is not necesgato turn
on theice protedion systan. However, whe icecrystals mixed with liquid water
are erounteed, it is possible for the capity of the i@ protection systemto be
exceeded. With the ice protetion system inopektion at theseconditions,the
runback nay be sevee (for thermal systems) and ewasve action may be
necessy.

In his tex, Trunov [B] states that “in the majoyiof the obsenationsthe crystals are not retained
on the cold surfaece of he arcraft. Howeve, if its temperatre is higher than GC (dwe to the
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work of the deiing system, kinetic katirg, or othercau®s), then the crystals touchirg the
surfece sdtle on it, patially or compleely mdt, and can freeze again.”

Trunov also provides a mamatical aalysis of het requirements,and, comparig two

equationshe derives, “the heat requiement protetion from ‘crystal’ icing is grester than in the
caseof the liquid drop with the same content peunit volume of air, liquid wate and cystals,

other thing being equal.”

There lave been repaots that if sufficient at is not supplied, a sort of snow/wag orcovaing
canform on top of athermal feated lading edge in glaciated or mixed-phaseconditions with
high TWC. The cap is meltedrém undereath butis continually replenishedfrom the ice
paricles in the air steam and herefore @an pesist as bng as he arcraft coninues n such
conditions.

CONCLUSIONS

1. Mix ed-phase conditions in the atmospher @mmon.Theavailable dta siggestthata
conservative estimatis that an aircraft maybe in mixed-phase conditions as much as
20% of the time that it is operatingin icing conditions, and that substantaligher
figures may be appropria¢ in somegeographic aeas. This mg swgest thameither
aircraft nor ergines ae particulaly suseptible to mied-phase conditions on the basis
tha the actud numbe of identifiable related servie difficulties has been minimd over
several hundrd million flight hours accumulated over the lasty4@rs.

2. The available data indicate tha mixed-phae conditions ocur with asubstatially higher
frequerty than do supeooled lage dropkts (2D) in cloud.

3. Mixed-phasecondtionsin the atnosphere & exremely variable, and chalackrization
data which are suitablefor addessingquestions of aviation sefy are very limited.
(There is more dthough still meager, charaderization daa available for glaciated
conditions.)

4, Measuremenbf mixed-phase conditions requiregher labor intensi¥ methods (slides,
etc.) or sophisticatedrpbes. Traditionally, electroopticaltwo-dimensionalprobeshawe
been useal, but these have limited resolution aad acuracy. New probes designs ae
becomingavailable, but in-flight testing of them has been limited.

5. Facility simulationof mixed-phase conditions is difficult and not done rouginelNorth
America. It is not known how well ary of the \arious methods that haveeén used
actually simulate the naturalngironment. The unertainly is compoundedba lack of
agreenent asto the degree of fidelity necessay for the nhvestgation of varbus sfety
guestions. For example, while it may be adequéae to simulde theice phasewith smdl ice
sphees for investigdion of intend engine icing, this is less séisfadory to aldress
guestions concerngstructual icing.
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10.

11.

12.

The circumstaces desribed in 3, 4, and 5rpsent ery significant practical poblems in
usingether tunrel simulaions or inflight testing to assesspossiblesafdy hazards due to
mixed-phase conditions.

The available da, which is fo a sirgle small turbopropelleairplane,do notindicatethat
there is any difference in performance effects caisal by strudurd icing resulting from
flight in mixed-phaseconditions rather than in pely liquid supercooledcloud.
Exposureto large ice paticles following flight in large supecooled dropéts in cloud
resulted in rapid péormarce recowery in a few docunented eses.

The available da indicatethat the presnce ¢ ice particlesin a cloud containirg liquid
water can soméimes reduce structurd icing rates thda would beobserve with theliquid
water only. It has been hypothesized tha this dfect is dueto ice erosionin dry growth
regmes and to danges in het transfer inwet growth regmes. The limited daa on
reduction of icig rate is for icirg tunnel andflight studies ata restriced range of
conditions and does not appesalfficient forgeneralization.

Major technial reportsgoing back to the 1960s state thatpmsure tomixed-phaseor
glaciated conditions can cause anomalies in gmes with pronouced tkends or flow
reversal points. Documented studies in the open literature ducidating swch behavior are
lacking.

Reports in recentyears indicate that one aicraft engne design has experiencal powe
loss instabilies in mixed-phaseor glaciated conditions encountered in the anvils of
thunderstorms.

Major techni@ reportsgoing back to the 1960s state that tbapacity of thermalsystems
may sometimes bexceeded § mixed-phase&onditions. More recentinformationon this
iIssuein theopen literatureis ladking.

Guidance to pilots as to the opions of thermal iceprotection systems should

emphasie the differences between appropiate ation in mixed-phase as opposed to
glaciated conditions as well as\Wwdo distingiish betwen these conditions.
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APPENDIX A LSUMMARY OF DISCUSSION OF MIXED-PHASE CONDITIONS IN
NTSB SAFETY RECOMMENDATIONS A-81-116 AND A-96-54, NTSBSPECAL
STUDY NTSB-SR-81-1, AND NTSB/FAA OFFICIAL CORRE®ONDENCE
CONCERNNG THE RECOMMENDATONS

The NTSBraised the issue of éhpossible inclusion of méd-phase conditions in theAR’s

icing certification requirementsin Safty Recommendation A-8116, dated Septersb 24,
1981, which states:

Review theicing criteria publishal in 14 CHR 25 in light of both reent research into
aircraft ice accretion under arying conditions of liquid watercontent, dropsize
distribution, and temperatureand recent deelopments in both the desiganduse of
aircraft andexpandthe cetification envelope to includieeezng rainand mied water
dropletice cystal condtions, as neceay.

This recommendation, algrwith three others, folload specialstudy NTSB-SR-81-1 entitled
“Aircr aft Icing Avoidanceand Protection” published on SeptesnB, 1981.48] The discussion
of icing in mixed-phase conditions in thestudy is limited to two pasa@s. The first ocars nea
theend of thesedion entitled “Icing Paameters’:

Water also is found in the atmosphere ie icystals which include snowand ice
pdlets (slest). Frozen particles do not normally adte to aircraftsurfacesand are
not considereda hazard. They may bcone hazardous when neg with water drops,
but there is insufficient data available to document tfiiglics added.}

The second gssa@ occurs in the last paragph of the sction entitled®l cing Forecasts”:

The measurement and forecasting of the meeorologicd parameters assocated with
icing would be only the firstof two parts ofan improved icig forecastingsystem.
The secon@nd equalf important partvould be thesvaluationof aircraft perfamane
throughout a reasoable range of the neteorolayical parameters. This is beirg done
currenty to the extent necesary to meetthe sgcffications of 14 R 25 for hose
aircraft certificated to ff into known icirg conditions, but considably more daa
would be required to specify performance undr speific icing conditions. The range
of weather parameters would have to pandedto include mixedice crystalsand
water droplets and the large drop sizes encountered in freezing{iéafics added.}

Thus the report provides rvidene of a hazard specifically relatedto mixed-phaseonditions,
staing only that sud conditions m& be hazardous, but thathere was insuffident daa available
to m&e ajudgment.

From 1981to 1989, A-81-119 wasdiscussed in ninefficial letters etween the FAA and the
NTSB. Theseletterscontainsomediscussiorof the sfety hazard due to flight in frezing rain

(and, in some cas, feeang drizzle), but there is no discussionaafety hazard dueto mixed-
phase conditions.
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On October31, 1994, an Avions e TransportRegional Model 72-22 (ATR 72 crashednear
Roselawn]ndiana,after holdirg in icing conditions. NTSB investgatorsconcludedhatdrizzle-
sized supercoadd droplets contibuted to the accdent; they did notfind that mixed-phasedng
conditions were acontributing factor. On Augustl5, 1996, the NTSBissued Sdety
RecommendationA-96-54 in conrection with its investigtion of this acident. The
recommendatiomcludesmixed-phase conditiongssentialf in the sare way as A-81-116. It
states:

A-96-54. Revise the icingriteria published in Code diederal Requlations(CFR),
Title 14, Part®3 and 25, in ligt of both recent resedr into aircraft ice accretion
under vaying conditions of liquid water content, dropize distribution, and
temperatire, and ecentdevelopments in boh the degyn and use foaircraft. Also,
expandthe appendixC icing certification envelope to includeeezng drizzle/freezng
rain and mied water/ice kystal conditions, as ressay.

This time mked-phase conditions are joined witledzirg drizzle as well as freezingin. Two

official letters betveen theFAA and the NT8 haw addessedA-96-54; theseletters also
contain no discussion of a sif hazrd due to mied-phaseonditions.
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APPENDIX B LTABLES OF OCCURRENCE OF GACIATED, MIXED-PHASE,
AND PURELY LIQUID SUPERCOQLED CLOUDS

(Tablelll from NACA TN 1904 [L2])

TABLE B-1. FREQUENCYOF ENCQJUNTER OF VARIOUSTYPES OF
METEORQLOGICAL CONDITIONS DURNG THE 1948 OPERATON

Number of Peacent of Totd
Minimum Percentof Time in Continuous
Condition Totd Flight or Intermittent
Condition Prevaied Time Visible Moisture
Clear air 6523 61.1 -
Liquid cloud
Continuous 209 2.0 5.0
Intermittent
Clear air pedominant 504 4.7 12.1
About one-halfclear 368 3.5 8.9
Cloud predominant 325 3.0 7.8
Subtotal, liquid 1406 13.2 33.8
Mixed snow and liquid
cloud
Liquid predominant
Continuous 180 1.7 4.3
Intermittent 384 3.6 9.2
Snow predominant
Continuous 310 2.9 7.5
Intermittent 108 1.0 2.6
Subtotal, mixed 982 9.2 23.6
Snow
Continuous 1122 10.5 27.0
Intermittent 228 2.1 55
Subtotal, shav 1350 12.6 32.5
Rain 335 3.1 8.1
Rain and snow 30 0.3 0.7
Freezing rain 13 0.1 0.3
Freezing rain and liquid 41 0.4 1.0
cloud
Totals 10,680 100.0 100.0
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TABLE B-2. OCCURRENCE OBIFFERENT FHASES OF CLOUDS (TABLE 2 [6])

Occurene of Phags Occurene of Phags
of Cloudsin % of Cloudsin %

Number Number

of Obs of Obs

During | Liquid- During | Liquid-
Formof Clouds| Icing Drop | Crystal | Mixed Icing Drop | Crystal | Mixed
St, Sc, Ac* 720 74 2 21 138 68 10 22
Ns-Sc - frontal 148 70 - 30 40 40 12 48
Ns-As- 246 12 8 80 254 2 20 78
frontal
As -all cass 182 30 12 58 130 2 48 50
Cb -all cass 160 18 3 79 70 - 41 59

Averag Occurrance in % Average Occurrance in %
41 | 5| 54 22| 26 | 52

*of uniform air masses

St - stratus

Sc - stratccumulus
Ac - atocurulus
Ns - nimbostrdus
Sc - stratocumulus
As - adtostratus

Cb - cumulonimbus




APPENDIX C LTABLES OF SUGGESTED TESTING STANDARDS
FOR GQLACIATED AND MIXED-PHASE CONDITIONS

TABLE C-1. ICE CRYSTAL CONCENTRATION STANDARDS
(TABLE 1-6 FROMADS-4 [4])
(Supplied ly the National Resech Council of Canaal)

Maximum Totd
Ambient Conentraion Maximum
Temperatire | Altitude (ice aystas plusLWC) Conentrdion in Extent
°C 1,000 F. gm/m® Liquid Form gm/m® Mi.
8 1 0.5
0to-20 10 to 30 5 1 3
2 1 50
1 0.5 INdef.
S 0 3
-20 to -40 15to0 40 2 0 10
1 0 50
0.5 0 Indef.
2 0 3
-40 to -60 20 to 45 1 0 10
0.25 0 Indef.
1 0 3
-60 to -80 30 to 60 0.5 0 10
0.1 0 Indef.
Thirty minutes exposure is casidered for the “indefinite” extent.
NOTES (Ré 1-29)
1. In the preset date d knowledg, it is nd possble to say how much of the “tatal free water

contents’ tabulated exst in the farm of wate ard how nuch asce aystas, becaisesupecoded
waterhasbeenshownto exst a temperatues downto -40°C. Furthemore the pecertage of ice

crystals and wakr may vary considerhly in any one claid.

2. From preseninformationit appeas tha the wost condiion for engne and intake icing in mixed

water/ice egystals occus whenthereis a snall quartity of water present.

3. Thefollowing assumtions nay reasonaly be nade fordesgn purpses
a. Below -20°C all the water present may be assurd to bein theform of icecrystals.
b. Of thetotal free water shown in the 0to -20°C rang, nd more ttan 1 gn/m® should be

taken aswater andthe remeinder as ice eystals, exceg whee the total water contert is

shown ad gn/m®, when half shold be caoisidered @ water and hdf ice crystals.

C. Whenthe extent of the @ndition is sltown as‘indefinite;” it is aceptdle to show that
the arplane fundions sdisfactorily duiing 30 minutescortinuous e&posueto the
condtions.



TABLE C-2. GENERAL CONDITIONS OF LIQUID-DROP AND

CRYSTAL ICING (TABLE 10 [])
Temperatre of he Range of Gened Content of Extent of Zones of
External Air Altitudes the Water' Icing
() (m) (g/m’) (km)
From 0 to -20 3000 - 9000 8.0 0.8
From 0 to -20 3000 - 9000 5.0 4.8
From O to -20 3000 - 9000 2.0 80
From 0 to -20 3000 - 9000 1.0 > 160
From -20 to -40 4,500 - 12,200 5.0 4.8
From -20 to -40 4,500 - 12,200 2.0 16
From -20 to -40 4,500 - 12,200 1.0 80
From -20 to -40 4,500 - 12,200 0.5 > 160
From -40 to -60 6,000 to 13,700 2.0 4.8
From -40 to -60 6,000 to 13,700 1.0 16
From -40 to -60 6,000 to 13,700 0.25 > 160
From -60 to -80 9000 to 18,200 1.0 4.8
From -60 to -80 9000 to 18,200 0.5 16
From -60 to -80 9000 to 18,200 0.1 > 160

Making up the general contert of water is water in the form of drops ard crystals but not in the form of vapor.

TABLE C-3. PROVISIONAL DETAILS OF CONDITIONSLIKELY TO BE
ENCOUNTEREDIN SERMCE (TABLE 3 [36])

Air Maximum Mean Paticle
Temperatre Crystal Content Diameter
(°C) Altitude Range (g/m®) Horizontal Exent (mm)
0 (ft) (m) (km) | (n miles)
to 10, 000 3,000 5.0 5 3
-20 to to 2.0 100 50 1.0
30,000 9,000 1.0 500 300
-20 15,000 4,500 5.0 5 3
to to to 2.0 20 10 1.0
-40 40,000 12,000 1.0 100 50
0.5 500 300
NOTES:
1. In the terperatuwe range 0 to-10°C the ice aystals ae likely to be mixed with water dropets

(with a maximum diameterof 2 mm) upto a contentof 1 g/m® or haf thetotal content whichever
is thelesser, thetotal contert remaining nunericdly thesane.

2. Thesouceof informationis RAE Tech Noe Mech. Eng283,dae May 1959.
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TABLE C-4. PROPOSEOCE/SNOWTEST SPE(FICATIONS FOR

INFLIGHT CONDITIONS[37]

(a) Anvil Clouds (above 25,008t ASL):

Range d Variables

Represerdtive Values

Altitude 25,000 - 50,000 FASL 25,000 - 35,000 FASL
OAT -25°C to 60°C -25°C to 35°C
IWC up to 1.2 ¢gm° 0.6 gm®
Maximum Diameter 1-10mm 1-10mm
Horizontal Exent ? 5-20 nmi

(b) Cirrus Clouds and Deep Wer Storms (aba/20,000 FASL):

Range d Variables

Represerdtive Values

Altitude 20,000 - 50,000 tFASL 20,000 - 35,000FASL
OAT -20°C to 50°C -25°C to 50°C

IWC 0to0 0.2 gm° 0.05 dm’®

Maximum Diameter 0-3mm 1 mm

Horizontal Exent 5-100 nmi 20 nmi (cirrus)
Horizontal Exent 100 - 500 nmi 100 nmi (deep winter stormg

(c) Othe Snowice Clouds (blow 20,000 FASL):

Range d Variables Represerdtive Values
OAT 0°C to 30°C -5°C to 25°C
For OAT from 0°C to 20°C
IWC - for haiz ext. < 30 nmi 0to 3 gm® 0.6 gm®
IWC - for haiz ext. > 30 nmi 0to1dm’ 0.4 gm®
Max Dia. 0-10 mm 1- 8 mm
For OAT from -20°C to 30°C
IWC - forall horiz ex. 0-1dgm 0.2gm°
Max Dia. 1-5mm 1-4mm
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APPENDIX D LCOMMENT ON“THE PROBLEM OF CERTFYING
HELICOPTERSFOR FLIGHT IN ICING CONDITIONS’
BY LAKE AND BRADLEY

In Octoberl976, anarticle by H. B. Lake and J Bradley appeared in the Aronautical burnal
entitled “The Problem of Certifng Helicopters forHight in Icing Conditions.”i5] Statements
have appeared in the literature ascribing to this paer theassertiontha high icing rates were
observedn mixed conditions. However, the gper des not include ansuch satements, and in
fact thee is no paper in the open literaglknown to the authrowhich supports this position.

The aricle by Bradley and Lake was originaly preened at the “lIcing on Helicopers”
Symposiumhed the preceding year; it desaibed icing trials of a Wessex Mk. 5 hdicopte
carried out in the United Kigdom over a griod of svera years. Oneimportantfinding was
that “the efects of icing on the unpoteced helicopterrotor can vary enormous). In some
conditions there is opla snall power incea® requied, even durirg prolongedencounters,
while on otheroccasionsvery large power incleags can b required within one or two minutes
of encounteng icing.”

Two references usedn this repat state that Lake andBradley ascibed his behavor to mixed-
phaseconditions. Specifically, referene 17 states that te accumulation due to encoumgewith
ice particles Bve been discussedyblLake andBradley (1976, who indicatedhat undermixed
cloud conditions ice particleuld contribute to the accumulation of ice” astbrence39 refers
to “the conclusionsf Lake and Badley (1976) whoattributed the Igh icing raes they obsened
to the hidp corcentrations of thece paticles in a mied cloud.”

Howeve, asnoted abog, the pagr does notascribed tb behavior to migd-phaseonditions or
to ary othe cau®. The aithors repd that “for a vaiety of reasonswe have been unsucessful
in our d@tempts to quatify theicing environment in which we have dore our work” Thus thg
are not able tgive even atentative eplanation of this rathergoplexing behavior.

Referere 44 stags thathesefindings occasionedspeculation“not constraired by a complet set
of measurerants.” Prominent amon the possible caes proposed as mixed-phaseicing.
Perhaps this speculationtook place atthe gymposium at which th pape was aiginally
presented, angermapsone of the authors took partThis could lave led to the stateemts in
references 17 and 42In ary case, thee is no discussion of this in the paper itself.
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APPENDIX E LSIMULATION OF ATMOSPHERIC MIXED-PHASE CONDITIONS

The simulation of migd-phase conditions involves two technical probleffirst, production of
ice particlesand second,rgrainment of tk ice paticles along with supecooleddropletsin the
air flow. Thesewill bedisaussa in turn, &hough for someapproaches this division is dificial,

as the solution of the first is diregtinked to the solution of the second.

1. Production ofice Paticles

1.1 Growth of Ice Particles in a Separate Cold Chamber Under ConditidmgshWSimulate
Those UnderWhich They Ae Produed in the Atmosphere Reference 44 mentions an
appareny suacessfulattempt to prodce small ice wystals for wind tunnel exeriments g

nucleatirg dropletswith liquid nitrogen andgrowing them in a supsaturaéd cold clamber.

This gproah is limited by the residence time required to obtan sufficiently large partides.

Although thee have ken limited eforts of this kind, appa&ntly a way has not been foundtb

produce suficient numbers ofde paticles usimg this approach

1.2 Collection of Recently Fallen SnowThis was done fothe exyeriments desitbed in
reference 44, which explainsthat snowwas collected out of dos within a few @ys of its fall
andplacedin the dry ice-cooled coneyor belt channelin an nsubted box “It was carefully
leveled to a depth of 0.02 and then éd throwh an oscillatig rake at arate of 10° to 10° m/s
beforefalling through a vertical tube into the plenum flat plate wasmountedbelowthe endof
this tube in order to agst the fall of ay large aggregates and to kak them up.

1.3 Production of Bulk Ice Followed by 8ak-Ud/Crushing and Sieving to Obtain IBarticles
of Desired Shape and DensitiReference 47 desgbes a pragct whee this apprach was taken.
This will be described in some detail to emphasize the @nobinvolved.

High-density ice particles wee prodiced by freezing tubs of denineralized water, bresking the
ice into progressivel smaller piees,and regatedlysieving them to obtain theequired paticle
sizes.

Lower-density ice particles wee manufctued usinga set of veter spay nozlesmountedin a
low-speed airoutlet duct and two seens in the tunnel settinchamler in the wake of the
nozles. It was found that the dengibf the ce on the seenswas carelated with airvelocity.
Ice was allowed to fom on the saens forperiods ofabout10 minutes,after which the screens
were vpgorousl shalen, and thece fragments colleted. A block o wood witha curved face
was usel to force the particles through the sieves. The process was repeated three times and
paticles of spedfic sizes collected and storel in various bukets. This gproach permitted the
manufactue of relatively large amounts of parties and their st@ge so that a series of tests
could be conduet in rapid sucession. In some cses,paticularly with the finer particles,the
paticles wereresieved immaediately prior to thetest to avoid caking.

The authorsnotethatlarge amounts of ice formed in maareas of thedst facility during ice
manufactue usingthe spry nozles and some of this wagtnevedand used in the tests.
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The authors stae: “Consideable efforts were required to produe the vast quantities of ie
required. Indeed,the amount of iceonsumed ... was ¢hlimiting factor in therate d testing
The difficulties of spendip day afte day crushirg blocks of i@ into eversmallg piecesin a
room at -20C has to be geriened to be fully appeciated.”

1.4 Shavingof Bulklce Wth a Sharp Instrumnt Such as a Knife or a DrillRefereme 49 notes
that the fall speednd snow dengjtof ice stavings produced medmically with a sharpcutting

edge are quite similar to the actual densities and fdl velocity of naturd snowflakes (snow

crystals aggeggted together).

1.5 Use ofWater Spray Nozzles to Produle Particlkes. Referencess0and51 desribe theuse
of waterspray nozles,of the air-blast atomimg type, to provide tunal conditions raging from
all liquid water to mied-phase conditions to totalfyozen-out ice crystal clouds. This is
acconplished ty adusiment of the emperature and pessure bboth the ar and water. Theexact
processby which the ice crystals in the spnaare poduced is not full understood, but tunnel
conditions can be crelaied to the tempeture angressue of theair and wagy.

Reference 52 notes that mixed-phae conditions wee simulded in the AEDC icing tunrel by
usingtwo sets of s@y nozles. One producediquid wate dropletswhich traveleddown the
tunnel to became summoled doplets and the othdroze the water particlesinto ice crystals as
they left the nozle. The ice and liquid waterontents wee dedeedfrom the tunnel flowand
the corespondingamount of watesprayed from e&h st of nozles.

2. Entranment of thelce Paticles in theAir How

2.1 Injection of Ice Particles Into Plenum Using ay#taulically Driven Coneyor Belt
Mechanism Contained in an Insulated Bokhis method s used in the reaech desribedin

referene 44 (se 1.2 aboe) usirg recently fallen snav, but could presumayplbe used with ice
particles produed in other \vays.

The ce aysta conentin the workng secion was vaed by changing the belt speed. Theice
crystal content in the working section was meaured directly using a se of five aluminum
sampling tubes. The crystals wee injeced into the tunnel withessentialf no horizontal
component of velogyt their velociyy was assumed to be in equilibrium witine tunnelair stream
in theworking section.

2.2 Use ofSpecally Desgned Iee Gun In the poject desribed in eference 48, it was daded
that in order to acceleate the ice paticles to the tunnel airspd, acompressediir system
running at subzro temperatues would be used. A specal gun was deeloped @pable &
injectingice particles into a test sion. The gun andassociateair supply systemwere capable

of produciry ice particle concentations of up Sm/m?® for periods up to 10 minutes at a particle
velocity of approxmately 170m/sec (56Gt/seq. The gundespn included two glinders fa the
ice particles mountedbove theair suppy/ice mixing section. A piston in eactcylinder moved
theice paticles & acontrolled rae, alowing them to fdl down transparat plastic pipes intothe
mixing section of thegun where trey are accelgated to the tunneldocity along along bar by
high-pressure air.
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Theresarch descibedin reference47 conentratedmainly on ice ciystal clouds, but did include
investigation of mixed-phaseconditions. Difficulties were encountered in simulatingiixed-
phase conditions at the higlgem ar flows.

2.3 Use of Spray Nozzledf spray nozles are used to prodeithe ice prticles (®e 1.5above),
then theice crystals ae entraned in thesprgy in thesame manne as theliquid waer drops.

3. Current Simulaion Capability: Limitations and Unertainties with Respect to Investigation
of Safey Issues

The methods descedd have leen usedeffectively to investigatevarious specific safety and
reseach questions. For example, the spsanozle method (se.3 above)has been usedto
investicatequestionsconcening nozzle icing and the ice a@rticle production method desced in
1.3 abovehasbeenusedwith anice qun (e 2.2 aboe) to invesigate theeffect of ie clystals
and mixed conditions on a temperature peoltHowever, thege methods requerspecal effortsin
mostfacilities; an on-demand capabylito simulate mied-phase conditions gently exists ony
in the Artingon Icing Wind Tunnel of Arospae Composite Technajes in Emgland. The
tunnel description states that iceystals ap “mechanialy prodwed up to 2.7 ¢ min' at a
nominal averge siz of 1 mm.” Further details a not provided33]

All the methods described hacertain ggnificant limitations or associated certainties. The
spray nozle method (see 2.3 abgvean ony be used toinvestigatequestionsfor which it is
acceptable to simulde the ice particles by rdatively smdl spheaica paticles. Furthemore,
direct countirg or measuremenbf the icecrystals in the plenum would appatly requie new
instrumentationperhapsusingthe polariation properties ofce. This problemarises beause
the main method for distingshing ice paticles from liquid wate droplets,usedin atmosphac
studies, is baed on reognizing theirregular shaes of theice particles, butin this case the ice
particles would presuably be quite regular andapproxmately spheical.

An important limitation of the other methods appears to lee difficulty involved in the
production of sufficient gantities of ice grstals if exensive testings requied.

Issteswhich are carefully addressd in the simulation of purglsupecooled clouds, suchs flow
quality in the tunnel and unifaity of the cloud, would appear taise difficulties with all the
methods described.

All the methods described ab®mwsean icing tunnel, and all shara sgnificant limitation with
respect to engine testing namdy theinability to simulde the disontinuity beween icing particle
temperatue and locahir tempeaturewithin the engne. Since the tunnel air is used to stqool
the liquid water droples and to mantain the ice crystals frozen, its stéic tempeaature must be
subfreemg. For an emine n flight, the local air temperature at a conporent downsteamof a
rotating stage can équite warm while the icigp particks reachirg thatcomponentrestill cold
dueto the slow thermalrespons of the farticles. As aresult, the hat balane on the compant
surfae is different for the tunel test hardware and the actual flight hardware. Attemptsto
introducehot air just upstream of té test article &ve been found to disturb and melt the igin
paticles.[52]



One important unc&inty with the methods @cribedconerns how wll they simulatethe
natural environment.This is compoundedybthe circumstace that the dgree of fidelity of the
simulaion necessay for theinvestigaion of somesdety questions is itsH uncertain.

The conditions in the workingection would apparto be substantialf moreuncertain thanthose
for simulationof a purey supercooledloud because of ditulties in measurig and counting
the ice partiads and, in some cases, in determitimeir velcities.
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